Breviones, allelopathic agents that have been isolated from Penicillium sp., are structurally unique diterpenoid derivatives. Breviones have attracted attention due to their bioactivity, because their allelopathic activities may offer agricultural use as environmentally benign herbicides. On the other hand, their structural uniqueness is also remarkable, and construction of their unique structure is a challenge from the viewpoint of organic synthesis. This review summarizes synthetic studies on breviones and structurally related natural products.
Allelopathy is commonly defined as any direct or indirect effect by one plant, including microorganisms, on another plant through the production of chemical compounds which are released into the environment. It includes both inhibitory and stimulative reciprocal biochemical interactions. 1) Such a chemical compound is generally called an allelopathic agent or more simply an allelochemical. Allelopathic agents are receiving considerable attention due to the agricultural potential of these compounds as environmentally benign herbicides and agrochemicals.
2) Needless to say, the background to this attention is growing concern about environmental problems.
In 2000, Macías and his co-workers isolated breviones A-E (1-5) from Penicillium brevicompactum Dierckx as allelopathic agents. 3, 4) These compounds are structurally unique natural products consisting of diterpene and polyketide subunits which are linked together by a spiro chiral center. Apart from their interesting bioactivities, construction of the characteristic spiro-fused CDE ring framework of breviones is a fascinating and challenging subject for synthetic organic chemists.
This review centers on studies toward the total synthesis of breviones from the standpoint of organic synthesis. Synthetic studies on structurally related bioactive natural products such as stypoldione (7) are also summarized.
I. Our Synthesis of Brevione B (2)
A crucial point in the synthesis of breviones should be the construction of the characteristic spiro-fused CDE ring framework, so we assigned a model compound (10) as the tentative target and tried to develop our original methodology for synthesizing this. Our strategy for the synthesis of 10 was based on the double S N 2 0 -type sequential nucleophilic substitution, by which direct coupling of vinylepoxide 11 and -pyrone 12 would be possible. This spiro-cyclization was achieved by a palladium-mediated tandem reaction as illustrated in Scheme 1. 5, 6) Typical results for optimizing the reaction conditions are summarized, the desired reaction being performed most efficiently in toluene in the presence of Pd(PPh 3 ) 4 . It is noteworthy that the second dehydrative O-alkylation reaction proceeded concomitantly in toluene, while an acidic work-up was needed to complete O-alkylation in other solvents. Although the yield was moderate, we were able to establish a new and original method for constructing the characteristic spiro-fused framework of breviones.
The next challenge was the total synthesis of brevione B (2) featuring the above-mentioned original method. Although we have already reported the synthesis of (AE)-2 7) and both enantiomers of 2, 8) only the latter synthesis is presented here. Our synthetic plan for 2 is shown in Scheme 2. Target compound 2 might be readily obtainable from intermediate A. The preparation of A should be possible by direct coupling of B and C according to our original method. The key intermediate, vinylepoxide C, can be synthesized from tricyclic ketone D by an appropriate procedure. Since the preparation of ketone (AE)-D from methylated Wieland-Miescher ketone (AE)-E by Robinson annulation has already been reported, 9, 10) we initially envisaged the preparation of optically active D by starting from known optically active E.
11)
Scheme 3 shows our synthetic route for both enantiomers of 2. We started the synthesis from known optically active diketone (À)- 13, 11) which was reduced with NaBH 4 to give (À)-14, whose enantiomeric purity was estimated to be ca. 96% ee by an HPLC analysis. Robinson annulation of (À)-14 with ethyl vinyl ketone (EVK) in the presence of NaOMe in MeOH-toluene gave adduct (þ)-15 (63%). 12) However, surprisingly, the enantiomeric purity of yielded (þ)-15 was low at <50% ee. This racemization can be rationally explained by the retro-aldol reaction which has also been found by 
Brevione E (5) Lygodinolide (6) Stypoldione (7) Stypotriol ( Honda and his co-workers. 12) Therefore, we abandoned the first route and turned to the second option, enzymatic resolution. Enzymatic resolution of (AE)-15 was almost perfectly achieved by Candida antarctica lipase B (CALB, Chirazyme L-2) in the presence of vinyl acetate as an acetyl donor to yield alcohol (À)-15 (50%) and enantiomeric acetate (þ)-16 (49%). The enantiomeric purities of (À)-15 and (þ)-16 were 98.8% ee and 99.2% ee, respectively, based on an HPLC analysis. One of the enantiomers, (þ)-15, was converted to tricyclic ketone (À)-17 by four conventional steps: i) reductive methylation, ii) hydrogenation, iii) protection of the carbonyl group, iv) oxidation. Ketone (À)-17 was then converted to key intermediate (À)-18 by the following five steps: i) methylation, ii) selenenylationoxidation, iii) addition of methyllithium, iv) epoxidation, v) dehydration.
The next stage was the crucial step: coupling 18 with 12. We first attempted our original method, the palladium-mediated tandem reaction. However, as we have already reported, desired spiro-fused adducts 19/ 19 0 could not be obtained at all by our palladiumcatalyzed reaction. 7) Although these unexpected failures were surprising and disappointing, we found that the desired coupling proceeded smoothly in refluxing toluene without such additives as a base or Lewis , was also synthesized by starting from (À)-15. The absolute configuration of naturally occurring (þ)-brevione B (2) was therefore determined without doubt to be that shown in Fig. 1 .
II. Other Synthetic Studies on Breviones
To the best of our knowledge, one total synthesis of breviones and one study toward the synthesis of lygodinolide (6) have been reported. These are summarized in Scheme 4.
Shishido and his co-workers have recently disclosed the completion of their enantioselective synthesis of breviones A (1), B (2) and C (3). 13) One key point of their synthesis was the ring-expansion process (20)21) featuring radical cyclization. Although their method is quite efficient, it cannot be discussed here in order to focus on the next key reaction: construction of the spirofused framework. They adopted ceric ammonium nitrate (CAN)-mediated oxidative coupling 14) of the 1,3-diene moiety (22) and -pyrone (12) . Their original CANCu(OAc) 2 system was well thought out and enabled this crucial reaction to proceed most efficiently, affording desired adduct 23 in a good yield (84%) with high diastereoselectivity (23:its epimer = 10:1). They then accomplished the first synthesis of (þ)-brevione C (3) by oxidation of 23 with o-iodoxybenzoic acid (IBX). 15) The enantioselective synthesis of (þ)-breviones A and B was also achieved by employing the same strategy. Their synthesized breviones A-C (1-3) were all dextrorotatory, while the naturally occurring breviones have also been reported to be dextrorotatory. Therefore, the absolute configurations of natural breviones A (1) and C (3) were also determined as shown in Fig. 1 .
In 1993, Banerjee and Achari reported studies on the synthesis of lygodinolide (6) 16) which had been isolated from the fern, Lygodium flexuosum.
17) The only structural difference between 6 and brevione B (2) was the regiochemistry of one double bond on the C-ring as shown in Fig. 1 of CaO as an acid scavenger. This oxidative cyclization yielded the cyclized tertiary alcohol (74%) which was subsequently dehydrated to give model compound 28 (82%). Thus, they were successful in synthesizing the CDE-ring portion of 6. It is noteworthy that this approach might be ''biomimetic,'' in contrast to the former two syntheses.
III. Synthetic Studies on Stypoldione (7)
Stypoldione (7) has been isolated from the tropical brown alga, Stypopodium zonale, as an ichthyotoxic and cytotoxic metabolite, along with such related compounds as stypotriol (8) and stypodiol (9) . 18, 19) Stypoldiones are structurally quite similar to breviones, because they consist of diterpene and ''hydroquinonetype'' subunits which are linked together by a spiro chiral center. The only significant difference in the basic structure is a hydroquinone instead of an -pyrone. These diterpenoids have also attracted the attention of synthetic organic chemists due to the structural uniqueness, and a number of synthetic studies have been disclosed so far. Among them, three total syntheses and one formal synthesis of stypoldione (7) are presented with a focus on the individual ingenuity.
The first synthesis of 7 was achieved by Mori and Koga. 20, 21) They started the synthesis from Mori's versatile chiral building block 29.
22) One crucial point was coupling of the diterpene and hydroquinone subunits. They carried out this crucial step by employing Pd(0)-catalyzed cross-coupling 23) of allylic acetate 30 with arylstannane 31 as shown in Scheme 5. Another crucial step was spiro-cyclization. Enone precursor 33 was prepared from 32 to achieve this step. Deprotection of the methoxymethyl (MOM) groups of 33 enabled intramolecular oxy-Michael addition to give desired adduct 34 which was then converted to (À)-stypoldione (7). The absolute configuration of naturally occurring (À)-7 was therefore determined by this first enantioselective synthesis. In short, Mori and Koga adopted Pd(0)-mediated cross-coupling and oxy-Michael addition for the crucial steps.
As with the case of Mori's synthesis, Falck and his co-workers came up with ways to achieve the two crucial steps. 24) For coupling of the two subunits, they prepared sulfoxide intermediate 36 by starting from 35. This sulfoxide 36 was treated with lithium diisopropylamide (LDA) and benzylic bromide 37 to give 38. After deprotecting the TBS groups, the other crucial step, spiro-cyclization, was carried out by treating with catalytic HI. 25) Yielded spiro-adduct 39 was then converted to (À)-7.
24) Falck's key steps were anion alkylation and cationic cyclization.
Abad's group started the synthesis of 7 from (þ)-carvone 40, and prepared ketone 41. For coupling, they utilized the nucleophilic addition of benzylic lithium prepared from 42. Yielded alcohol 43 and its epimer were subjected to cationic spiro-cyclization to give 44. They finally accomplished the synthesis of (À)-7. 26, 27) Although their preparation of key intermediate 41 employing the Diels-Alder strategy was remarkable, and the key cationic cyclization conditions have been well studied, no reference is made here to them.
Xing and Demuth adopted the so-called biomimetic route for the preparation of key intermediate 46, starting from geranylgeranyl acetate (45) or ethyl geranylgeranate (45 0 ). 28, 29) Nucleophilic addition of an organocopper reagent prepared from 47 was used for coupling. Yielded alcohol 48 was then converted to olefin 49, which was almost the same as Mori's intermediate 32 except for the protecting groups. They then completed the formal synthesis of (AE)-7 based on Mori's procedure. 28, 29) It should be noted that Pattenden had reported biosynthesis-conscious synthetic studies on 7 before Mori's first synthesis. 30, 31) 
IV. Conclusion
We have concisely discussed synthetic studies on breviones and stypoldione. The targeted compounds are structurally unique diterpenoids, because the diterpenoid portion is connected with an -pyrone or a hydroquinone-like subunit by a spiro chiral center. These spiro-structures have attracted the attention of synthetic organic chemists, and considerable investigative efforts to construct them have been made as already mentioned. Although these natural products also have interesting biological activities, the author is not qualified to discuss such biological aspects. However, it is hoped that this article has illustrated one important aspect of natural product synthesis. As long as there are fascinating and inspiring structures in natural products, synthetic organic chemistry will maintain steady progress. 
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